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Abstract: 
Phosphorus removal is essential to avoid eutrophication in water bodies. Layered double hydroxides 
(LDHs) are widely used to scavenge phosphate through intercalated ion exchange or surface 
complexation. Moreover, LDHs have attracted increasing attention as electrode modifiers for 
supercapacitors. Researchers have begun to re-delve the electrosorption technology according to the 
fundamental principle of electrical double layers. Herein, we propose a new phosphate removal method 
inspired by the adsorption characteristic and electrical double-layer capacitive properties of LDHs 
through electrosorption via capacitive deionization. We present a series of experiments to study the 
enhanced phosphate removal under an electric field via multiple mechanisms on the MgAl-LDHs/AC 
electrode. The uptake of phosphate by MgAl-LDHs/AC was investigated as a function of phosphate 
concentration, applied voltage, electrode materials, and temperature. The MgAl-LDHs/AC electrode 
possessed a salt removal capacity of 67.92 mg PO43-·g-1 (1.2 V, 250 mg·L-1 KH2PO4, 30 °C). The 
electrosorption kinetics of phosphate ions onto the capacitive deionization electrode followed the 
pseudo-second-order kinetics model rather than the pseudo-first-order kinetics model. Furthermore, the 
adsorption isotherms of phosphate on the MgAl-LDHs/AC electrode fitted the Freundlich model better 
than the Langmuir model. The proposed method could be used for phosphate removal.  
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1. Introduction 
Phosphorous is one of the limiting nutrients that ensure the growth of all living organisms [1]. 
Anthropogenic activities in agriculture and industries, particularly sewage disposal, release high levels 
of phosphorous into rivers, lakes, and seas, leading to undesirable eutrophication through point-source 
and non-point discharges [2]. Cultural eutrophication is characterized by excessive plant and blue-green 
algal growth which leads to hypoxia, fish death, tainted drinking water supplies, and loss of 
recreational opportunities [3]. Thus, effective and environment-friendly approaches for removing 
phosphorus from aquatic ecosystems must be developed to establish stringent pollution regulations [4]. 
Conventional nutrient removal processes including biological [5], and physical-chemical 
technologies[6] are used to reduce phosphorous discharges to natural water bodies. Adsorption-based 
processes are a promising alternative method for phosphorus removal and recovery from wastewater 
because of their simple design, ease of operation, low cost, high efficiency, and high sensitivity [7]. 
Numerous adsorbents have been investigated for selective phosphate removal through specific (via 
inner-sphere complexation) and nonspecific interactions (via electrostatic affinity/outer-sphere 
complexation) of phosphate with the functional groups of the adsorbents [8]; these adsorbents include 
lanthanum oxide and hydroxide [9-11], iron oxides and hydroxides [12, 13], magnesium oxide and 
hydroxide [14, 15], aluminum hydroxides [16], and cobalt-containing spinel oxides [17], and 
Bayoxide® E33 [18]. Among them, layered double hydroxide (LDH) is one of the most widely used 
options and phosphate contained LDHs recently shows potential application in slow release phosphate 
fertilizer [19-21]. LDHs are one of the most promising inorganic anion-exchangeable materials [10] 
and typically consist of layered hydroxides of trivalent (M3+, e.g., Mg2+, Zn2+, and Ca2+) and divalent 
(M2+, e.g., Al3+, Fe3+, and Cr3+) cations. Furthermore, LDHs contain anionic species in the interlayer 
galleries and at the outer surface of the crystallites by competitive electrostatic interactions [22]. The 
general formula of LDHs can be represented as [M2+1−xM3+x (OH)2]x+[An−x/n]·mH2O, where x is the 
molar ratio of M3+/(M2+ + M3+), and An− is the interlayer anion with valence n [23].  
LDHs with variable valence cations (Ni2+ and Co3+) have attracted increasing attention in design of 
pseudocapacitive electrode materials because of their high redox activity that provides multiple 
oxidation states for reversible Faradaic reactions [24, 25]. However, heavy metal ions from this type of 
LDHs cause serious environmental issues. Comparatively, MgAl-LDHs are of low cost and 
eco-friendly character which stimulated the interest in exploring the application of MgAl LDHs in the 
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electrode modifiers for the supercapacitor [26], electrochemical (bio) sensors [27, 28], and microbial 
fuel cells [29]. Although MgAl LDHs were considered as materials with weak electrical conductivity 
which is not friendly towards electron transfer between the electrode and the analyte [28], the 
dispersion of such LDH particles over carbon electrodes exhibits an exceptional rate capability to 
transfer electrons in microbial fuel cells [29]. 
Similar to the principle of electric double layer supercapacitor, electrosorption deionization is an 
emerging and maturing technology [30] that removes dissolved [31], charged contaminants from 
aqueous solutions [32]. This technology is also used for recovering precious metal [33] and nutrient by 
adsorption of ions onto the electric double layer at the surface of a porous carbon electrode once an 
external power source (≤ 1.2V) is applied [34]. Electrosorption has previously been used in sea water 
desalination, water softening, brackish water desalination, and wastewater remediation [35]. Farmer et 
al. first reported the feasibility of applying electrosorption to remove phosphate in both batch and 
single-pass modes [36]. Huang et al. subsequently evaluated the effects of various experimental 
parameters, including initial pH, flow rate, and initial concentration on the performance of phosphate 
removal in electrosorption [37]. Chen et al. investigated the phosphate uptake capacity via 
electro-sorption and the effect of other anions (i.e. Cl−, NO3− and SO42−) on the electro-sorption 
performance; this work provides a better understanding of ion selectivity in mixed electrolyte solutions 
[38]. Recently, Huang et al. were the first investigated the pH-dependent phosphate removal from 
wastewaters by electrosorption deionization at two operational modes (constant voltage and constant 
current) [36]. 
This study provides insight into the potential of LDHs as electrode materials for phosphorus 
removal through electrosorption, which exhibits dual function via direct adsorption and electro-sorption. 
To maintain the traditional properties of porous electrode materials, we designed activated carbon 
(AC)-supported LDH (MgAl-LDHs/AC) electrode for electrosorption of phosphate from aqueous 
solution. We evaluated the efficiency of phosphate removal and applied the proposed method under an 
applied voltage by using a pair of single MgAl-LDHs/AC electrode and graphite electrode. We also 
analyzed the effect of initial phosphate concentration and applied voltage on the electrosorption 
performance. To elucidate the phosphate removal mechanisms of electrosorption on the 
MgAl-LDHs/AC electrode, we discussed the sorption kinetics and isotherms of phosphate on the 
electrodes, the electrochemical parameters of the electrodes in different phosphate solutions and under 
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different electric field intensities, phosphorus distribution, and the binding energy of phosphorus on 
MgAl-LDHs/AC electrode materials. This study is the first to investigate enhanced phosphate removal 
under an electric field via multiple mechanisms on the MgAl-LDHs/AC electrode by combining 
electrostatic adsorption and electro-sorption and proposes the detailed possible mechanism for this 
system. 
 
2. Materials and methods 
2.1 Material. 
All chemicals used were of analytical grade and used as received without any further purification. All 
solutions were prepared with deionized water of resistivity of 18.2 MΩ-cm from a Milli-Q (Millipore) 
water purification system. Potassium dihydrogen phosphate (KH2PO4, 99 %) and sodium hydroxide 
(NaOH, 97 %) were obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China). Graphite flakes 
were supplied by Qingdao baofeng graphite Co., Ltd. Commercial AC was provided by TIG 
Technology Co., Ltd. (Shenzhen, China) was used as the porous support material of composite 
electrode.  
 
2.2 Experimental. 
Electrode material synthesis. AC (2.00 g) was ultrasonically dispersed into 50 mL 80% ethanol in 
250 mL beaker for 30 min to obtain a uniform suspension. The suspension was added with 100 mL salt 
solution containing 0.01 mol AlCl3·6H2O and 0.03 mol MgCl2·9H2O. The suspension was then added 
dropwisely with 3 mol·L-1 NaOH to keep the pH at about 10 under vigorous stirring. The mixture was 
placed in an oven and aged at 80 °C for 4 h. The rudimentary product was washed with deionized water 
and separated by centrifugation. The process was repeated several times until the effluent solution 
becomes pH neutral. Finally, the precipitate was dried at 60 °C overnight, collected as electrode 
material labeled as MgAl-LDHs/AC. Comparatively, pure MgAl-LDH and a lab-made biomass-derived 
porous carbon (BC) supported MgAl-LDHs (MgAl-LDHs/BC) were obtained at the same condition.  
Electrode preparation. All electrodes were prepared using the same procedure. First, the electrode 
material slurry was prepared by adding 1.00 g mixture of 85 wt % electrode material, 10 wt % carbon 
black, and 5 wt % polyvinylidene fluoride (PVDF) to N-methyl-2-pyrrolidone. The homogeneous 
slurry was directly casted onto the roughened surface of graphite current collector plates by using an 
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effective coated area of 4.0 cm × 2.5 cm. The prepare electrode was then dried at 60 °C for 12 h and 
sealed for electrosorption experiment.  
Electrochemical performance of the electrosorption electrode. Cyclic voltammetry (CV) 
measurements were performed on the three electrode cell in an electrochemical workstation (Autolab 
PGSTAT204) by using a graphite counter electrode and a reference electrode of Ag/AgCl electrode 
over a potential range of -0.2 - 1.2 V in different phosphate solutions at room temperature. 
Electrochemical impedance spectra (EIS) tests were conducted in a frequency range from 1000 kHz to 
0.1 Hz with AC perturbation of 5 mV. The EIS data were analyzed using Nyquist plots and equivalent 
circuit fitted by ZSimpWin software to obtain interfacial charge transfer resistance (Rct) and Warburg 
impedance. 
Electrosorption. The laboratory-scale electrosorption reactor consisted of two parallel electrode 
plates of a single piece of working electrode and a piece of graphite current collectors (Figure S1) 
separated by a non-conductive Teflon mesh for solution flow. A potassium dihydrogen phosphate 
aqueous solution was pumped into the bottom and exited from the top of the electrosorption cell where 
ion electrosorption took place by a peristaltic pump with a flow rate of 30 mL/min, and then the 
effluent was transported back to the recycling bottle. The total water volume in the whole system was 
100 mL. The cell charging voltage applied between the two electrodes in these experiments was set to a 
value between 0 and 1.2 V. The pH of the solution was monitored at different intervals by a pH probe 
(SevenMulti, Mettler-Toledo International Inc.). 
 
2.3 Analytical Methods.  
All samples were obtained at different intervals and analyzed for the concentrations of phosphate ion 
using ammonium molybdate spectrophotometric method by continuous flow analyzer (Model AA3, 
SEAL, Germany). Removal rate were calculated based on initial and final concentrations. Pore volume 
and specific surface area were determined through the Brunauer–Emmett–Teller (BET) equation 
(ASAP 2010, Micromeritics Instrument Corp., USA). X-ray diffraction (XRD) patterns were recorded 
with a PANalytical X'Pert PRO (Netherlands) diffractometer with monochromatic Cu Kα irradiation in 
the 2θ angular regions between 10 and 80 °. The surface morphologies and atomic composition and 
distribution of the electrode before and after electrosorption were obtained with a scanning electron 
microscope (SEM, Phenom ProX, Phenom-World, Netherlands). X-ray photoelectron spectroscopy 
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(XPS) measurements were carried out on a Thermo Fisher Scientific ESCALAB 250Xi XPS 
spectrometer (USA) using Al Kα radiation with photon energy of 1486.6 eV as the radiation source. 
The binding energies were calibrated to adventitious carbon C 1s peak centered at 284.6 eV, [39]. 
Elemental compositions were determined from peak area ratios after correcting the sensitivity 
factor. Peak fittings were performed using XPSpeak software. 
 
 
3. Results and discussion 
The XRD patterns of the as-synthesized LDH-containing materials correspond to the structural 
characteristics of LDHs. The XRD peaks belong to rhombohedral MgAl-LDHs-CO3 hydrotalcite (PDF 
#54-1030) with a chemical formula of Mg6Al2(OH)16(CO3)·4H2O (Figure 1). The peak intensity of the 
AC component is weaker than that of the LDH, indicating the higher degree of crystallinity of the latter. 
The synthesized LDHs contain CO32- in the interlayer space without incorporation of chloride anions 
due to the existence CO2 in air, CO32- in deionized water, and the strong interaction between CO32- and 
metal ions on the basal.[40] The main Bragg reflections are indexed in the XRD spectra, which show 
well-crystallized phase characterized by strong reflections of the (003) and (006) crystal planes at 11.8° 
and 23.6°, respectively. For MgAl-LDHs, the cell parameters a and c are 0.306 and 0.240 nm, 
respectively, which were calculated using the equations a = 2 d(110) and c = 3 d(003), where the d-spacing 
of (110) and (003) are 0.153 and 0.799 nm, respectively. The calculated values are in accordance with 
reported data.[41, 42] Given the constant layer thickness of 0.48 nm, an interlayer distance of 0.319 nm 
was obtained by subtracting the thickness of the hydrotalcite layer from the basal spacing of d(003).[20] 
 
Figure 1. XRD patterns: a) MgAl-LDHs, b) MgAl-LDHs/AC, c) MgAl-LDHs/AC electrode before 
adsorption, and d) MgAl-LDHs/AC electrode after adsorption. 
Figure 2. Nitrogen adsorption-desorption isotherms (left) and pore size distribution (right) of AC, BC, 
LDHs, LDHs/AC, and LDHs/BC. 
 
Figure 2 shows the nitrogen adsorption–desorption isotherms and pore size distributions of AC, BC, 
LDHs, LDHs/AC, and LDHs/BC powders. Pure LDHs possess a negligible specific surface area of 
1.69 m2·g-1, which is dramatically lower than that of AC (1286.42 m2·g-1) and BC (1393.08 m2·g-1). 
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The composite materials of LDHs/AC and LDHs/BC possess specific surface areas of 542.23 and 
524.21 m2·g-1, respectively. The isotherms of porous carbon-related samples are of type IV and reveal a 
hysteresis loop that indicates the presence of mesopores with an average pore size of 2.89 nm to 3.94 
nm (Table S1).  
 
Figure 3. Effect of contact time on the adsorption of phosphate at a) 20 °C, b) 30 °C, and c) 40 °C; d) 
adsorption isotherms of phosphate on the electrosorption electrode; e) adsorption of phosphate on the 
electrosorption electrode under different voltages; and f) adsorption of phosphate on different 
electrosorption electrodes.  
 
The phosphate ion uptake amount gradually increased with increasing electrosorption time and 
initial concentration of phosphate at 20 °C, 30 °C, and 40 °C (Figures 3a–3c). The rate of adsorption 
decreased with time and gradually approached a plateau because of the adsorption equilibrium, which 
was not easily reached as the main mass transfer driving force. The adsorption isotherms of phosphate 
were investigated to elucidate the influence of temperature on the electrosorption behavior of 
phosphate ions onto the electrosorption electrode (Figure 3d). The removal of phosphate ions was 
dependent on temperature, implying that the electrosorption capacity increased with temperature. This 
finding could be due to the accelerated endothermic diffusion and phosphate intercalation with 
increasing temperature of the solution. Pseudo-first-order and pseudo-second-order models were 
employed for fitting the experimental data to investigate the electrosorption kinetics. The kinetic 
parameters at 30 °C are summarized in Table 1. The correlation coefficient (R2) values indicated that 
the electrosorption kinetics of phosphate ions onto the electrosorption electrode followed the 
pseudo-second-order kinetics model rather than the pseudo-first-order kinetics model. The same 
conclusion was obtained at 20 °C and 40 °C (Tables S2, S3). Moreover, the electrosorption isotherms 
of phosphate on the MgAl-LDHs/AC electrode fit the Freundlich model better than the Langmuir 
model (Table 2, Figure 4a). 
 
Table 1. The electrosorption kinetic parameters at different PO43- concentrations (30 °C, 1.2 V). 
 
Table 2. The electrosorption isotherms parameters at different temperatures. 
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Figure 3e shows the equilibrium salt adsorption as a function of cell voltage for the 
MgAl-LDHs/AC electrode. The electrosorption capacity of phosphate ions on the electrode increased 
from 42.43 mg·g-1to 67.92 mg·g-1 as the anode potential increased from 0 V to 1.2 V. This finding 
could be due to the strengthened interaction between the electrode material and phosphate ions as a 
result of phosphate ion intercalation [43], phosphate group complexation (monocomplexation and 
dicomplexation) to metal ions [43], and formation of an electric double layer [44]. A previous study 
reported similar results [45], indicating that the anode potential is a critical operational parameter in 
electrosorption systems.  
Electrode materials play an important role in electrosorption performance. To investigate the role of 
LDHs and support materials in phosphate removal, we compared the electrosorption performance of 
AC, MgAl-LDHs, MgAl-LDHs/AC, and MgAl-LDHs/BC electrodes. The LDH-containing electrodes 
possess improved electrosorption properties (118.85, 67.92, and 67.05 mg·g-1) than the pure AC 
electrode (20.85 mg·g-1) (Figure 3f). Hence, LDHs play more important role in phosphate removal than 
supporters. Although AC and BC possess high BET surface area and pore volume, their supports have 
small contribution to the electrosorption performance. Phosphate removal through intercalation ion 
exchange with phosphate and phosphate group complexation to metal ions on MgAl-LDHs 
considerably exceeded the role of forming an electric double layer on the surface of the composite 
material.  
 
Figure 4. a) Electrosorption isotherm at 30 °C and b) Van’t Hoff plot. 
 
Thermodynamics analyses were carried out to assess the spontaneity and the exothermic or 
endothermic nature of electrosorption. As depicted in Figure 4b, the values of ΔS0 and ΔH0 were 
calculated from the intercepts and slopes of the Van`t Hoff plot. Table S4 presents the thermodynamic 
parameters of the electrosorption process at various temperatures. The negative values of ΔG0 at 
different temperatures indicate spontaneous phosphate adsorption on MgAl-LDHs/AC. The negative 
value of ΔH0 indicates the exothermic nature of the adsorption. The values of ΔG0 increased with 
increased temperature because of multiple adsorption mechanisms. In addition, the negative values of 
ΔS0 indicate decreased randomness at the electrode/solution interface during the electro-adsorption of 
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phosphate on MgAl-LDHs/AC.  
To clarify the mechanism of the electrosorption of phosphate on MgAl-LDHs/AC under an applied 
potential, we investigated structural changes in the electrode materials before and after electrosorption 
through XRD, SEM, and FTIR analyses. XPS analyses were conducted to probe the oxidation state of 
the related elements during adsorption. 
The d(110) spacing of MgAl-LDHs-CO3 on the electrode remained unchanged at 0.153 nm. 
However, the d(003) slightly decreased from 0.799 nm to 0.786 nm; the decrease could be due to the 
intercalation anion exchange of carbonate by phosphate ion with a similar effective hydrated ionic radii 
of 0.39 and 0.49 nm via orientation tilt under an applied charge after electrosorption [46, 47]. Moreover, 
phosphate promoted intercalation to minimize the entropy of the MgAL-LDHs and the possibility of 
the orientation tilt of the interlayer phosphate anions in the materials due to the higher charge density of 
phosphate than that of carbonate [20]. The stronger hydrogen bonding in phosphate-containing 
MgAL-LDHs sample than carbonate-containing MgAL-LDHs led to a small metal hydroxide layer 
spacing [48]. 
 
Figure 5. XPS spectra of P 2p of the LDHs/AC electrode after adsorption of phosphate at a) 0 V and b) 
1.2 V; XPS spectra of c) Al 2p and d) Mg 1s of the LDHs/AC electrode before adsorption and after 
adsorption of phosphate at 1.2 V.  
 
The chemical status of phosphorus, oxygen, magnesium, and aluminum was characterized through 
high-resolution XPS scans. The P 2p XPS spectrum of MgAL-LDHs was deconvoluted into two peaks 
of 134.10 and 135.00 eV, which correspond to HPO42- and H2PO4-, respectively (Figures 5a–5b).[49] 
This result indicated the existence of HPO42- and H2PO4- groups on the surface of the MgAl-LDHs 
electrode after adsorption and the increase in phosphate uptake amount after electrosorption. The slight 
variations in the binding energy values could be due to various degrees of surface complexation and 
intercalation in different experimental systems. The Al 2p and Mg 1s spectra of the LDHs/AC electrode 
after the adsorption of phosphate at 1.2 V shifted to higher values from 75.4 eV to 75.6 eV and from 
1304.7 eV to 1305.0 eV, respectively. This finding indicated the formation of Mg-O-P and Al-O-P 
bonds through surface complexation because of AlPO4 and Mg3(PO4)2. 
Figure S2 shows the FTIR spectra of the LDHs/AC electrode before and after phosphate adsorption 
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at 1.2 V. Al-O and Mg-O bands shifted from 618 cm-1 to 632 cm-1 and from 414 cm-1 to 419 cm-1, 
respectively. These shifts could be attributed to the stretching vibration and the appearance of a strong 
asymmetric vibration peak of P-O bond at 1073 cm-1 band in the IR spectra of the MgAl-LDHs 
electrode after sorption compared with that of the original MgAl-LDHs material. This finding verified 
the presence of HPO42- and H2PO4- groups through the formation of potentially monodentate and 
bidentate inner-sphere surface complexes on the MgAl-LDHs surface [41]. As shown in Figure S3, the 
solution pH increased after phosphate adsorption because of phosphate ligand exchange with the 
surface hydroxyls of MgAl-LDHs, providing evidence of the formation of inner-sphere surface 
complex [41]. 
 
Figure 6. SEM image and elemental mapping of MgAL-LDHs/AC composite. 
 
The morphology of the MgAl-LDHs/AC composite is shown in Figure 6. A composite material 
without a noticeable regular shape was observed, and LDHs were randomly dispersed on the AC 
surface (Figure 6a). The elemental analysis by XPS indicated the existence of P, Mg, Al, O, and C in 
the samples after electrosorption. With increasing applied voltage from 0 to 1.2 V, the atomic 
percentages of P on the final electrodes increased from 0.28% to 0.82 % for 250 mg·L-1 phosphate 
solution. The atomic percentages of P are 0.56%, 0.82%, and 1.29% in 50, 250, and 500 mg·L-1 
phosphate solutions, respectively, at an applied voltage of 1.2 V. The elemental mapping images of the 
MgAl-LDHs/AC composite with a selected area (Figure 6b and 6c) reveal that AC and MgAl-LDHs 
contained P after the electrosorption. The density of phosphorus on MgAl-LDHs is higher than that on 
the AC. This finding could be due to the weak interaction between P and AC via EDL and the strong 
interaction between P and MgAl-LDHs via intercalation and surface complexation.  
 
Figure 7 a) Cyclic voltammograms of the MgAL-LDHs/AC electrode in different phosphate solutions 
and b) at different scan rates; c) cyclic voltammograms, and d) electrochemical impedance spectra of 
different electrodes in 250 mg·L-1 phosphate solution. 
 
Cyclic voltammograms of the MgAL-LDHs/AC electrode were recorded in different phosphate 
concentrations at a scan rate of 5 mV·s-1 from -0.2 V to 1.2 V (Figure 7a). No apparent redox peak was 
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observed in the CV curves over the potential range. Hence, the electrode materials were stable in the 
presence of the phosphate electrolyte. The specific capacitance of MgAL-LDHs/AC increased from 
0.07 to 1.16 F·g-1 with increasing phosphate concentration (Table S5). In addition, cyclic voltammetry 
at various sweep rates was conducted on the MgAL-LDHs/AC electrode in 250 mg·L-1 phosphate 
solution (Figure 7b). The specific capacitance decreased with increasing scan rate (Table S6). The CV 
curve of the pure LDH electrode exhibited a smaller area and less distortion than that of AC, LDHs/AC, 
and LDHs/BC electrodes (Figure 7c). This result indicated that the pure LDH electrode (0.13 F·g-1) 
possessed smaller specific capacitance than AC (0.27 F·g-1) because of the tremendous difference in the 
specific surface area (1.69 and 1286.42 m2·g-1) (Table S7). Moreover, LDHs/AC and LDHs/BC had 
similar surface area of 542.23 and 524.21 m2·g-1, respectively, but the specific capacitance of 
LDHs/AC (0.28 F·g-1) is higher than that of LDHs/BC (0.17 F·g-1). Hence, LDHs/BC (48.00 ohm) 
exhibited higher charge transfer resistance than LDHs/AC (42.22 ohm) (Table S8). All CV curves 
exhibited spindle shapes, indicating that all electrodes had increased surface resistance from 42.22 ohm 
to 75.56 ohm in the phosphate solution (Table S8). This result was confirmed by EIS (Figure 7d).  
 
Table 3. Phosphate adsorption capacity in the reported literature. 
 
4. Conclusion 
MgAl-LDHs/AC electrode containing LDHs was fabricated and successfully applied in 
electrosorption for phosphate removal. The phosphate uptake capability was remarkably enhanced 
(Table 3), and the phosphate removal rate increased with increasing applied voltage. The adsorption 
followed pseudo-second-order kinetics, and the equilibrium data fitted with the Freundlich isotherms. 
The mechanism of phosphate adsorption on the MgAl-LDHs/AC electrode included not only physical 
adsorption (via electric double layer on electrode surface) but also synergistic contributions from 
chemical adsorption (via phosphate intercalation and surface complexation on the electrode). This work 
reports the potential of the fabricated electrode for practical applications in phosphate removal from 
wastewater by electrosorption and provides better understanding of the underlying mechanisms.  
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Figure 1. XRD patterns for all electrode material. (a) MgAl-LDHs; (b) MgAl-LDHs/AC, c) 
MgAl-LDHs/AC electrode before adsorption, and d) MgAl-LDHs/AC electrode after adsorption. 
 
 
Figure 2. Nitrogen adsorption–desorption isotherms (left) and pore size distribution (right) of AC, BC, 
LDHs, LDHs/AC, and LDHs/BC. 
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Figure 3. Effect of contact time on the adsorption of phosphate at a) 20 °C, b) 30 °C and c) 40 °C; d) 
adsorption isotherms of phosphate on electrosorption electrode; e) adsorption of phosphate on 
electrosorption electrode under different voltages; f) adsorption of phosphate on different 
electrosorption electrodes.  
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Figure 4. a) Electrosorption isotherm at 30 °C and b) Van`t Hoff plot. 
 
 
 
 
Figure 5. XPS spectra of P 2p of LDHs/AC electrode after adsorption of phosphate a) at 0 V and b) 1.2 
V; XPS spectra of c) Al 2p and d) Mg 1s of LDHs/AC electrode before adsorption and after adsorption 
of phosphate at 1.2 V.  
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Figure 6. SEM image and elemental mapping of MgAL-LDHs/AC composite 
 
 
Figure 7 a) Cyclic voltammograms of the MgAL-LDHs/AC electrode at different phosphate solutions 
and b) at different scan rates; c) Cyclic voltammograms and d) electrochemical impedance 
spectroscopy of different electrodes in phosphate solution of 250 mg·L-1. 
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Table 1. The electrosorption kinetic parameters at different PO43- concentrations (30 °C, 1.2 V). 
C0(mg/L) 
Pseudo-first-order Pseudo-second-order 
k1 qe R2 k2 qe R2 
25 1.0423 17.85 0.9834 0.0656 20.35 0.9968 
50 0.6109 28.25 0.9672 0.0211 33.83 0.9845 
100 0.3633 47.75 0.9970 0.0050 64.09 0.9971 
250 0.8116 65.79 0.9787 0.0133 76.43 0.9929 
500 1.1027 105.47 0.9871 0.0123 119.08 0.9976 
 
 
 
Table 2. The electrosorption isotherms parameters at different temperatures. 
T(K) 
Langmuir Freundlich 
KL qm R2 KF 1/n R2 
293 0.00411 187.27 0.7201 13.64 0.3503 0.8775 
303 0.00535 223.19 0.9346 11.30 0.4217 0.9741 
313 0.00298 298.96 0.9064 9.71 0.4607 0.9732 
 
 
 
 
Table 3. Phosphate adsorption capacity in the literature 
Adsorbents Voltage 
(V) 
Dosage 
(mg·L-1) 
Max. adsorption capacity 
(mg·g-1) 
Ref. 
AC 1.2 V 500 7.1 [38] 
MgFe-LDHs/AC 0 V 150 22.72 [50] 
MgAl-LDHs/AC  0 V 150 51.3 [41] 
MgAl-LDHs 0 V 100 28.97 [51] 
MgAl-LDHs/AC 1.2 V 250 67.92 This study 
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Highlights: 
► A new phosphate removal method was proposed under electrostatic field. 
► Phosphate removal capacity reaches 67.92 mg PO43-·g-1 for 250 mg·L-1 KH2PO4 
solution. 
► Influence of different experimental parameters on the electrosorption was 
examined. 
► Multiple mechanisms exist in electrosorption of phosphate on MgAl-LDHs/AC 
electrode. 
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